The fractured granite basement is the primary oil and gas reservoir in the Cuu Long Basin, Vietnam. Due to the complexity of this nonlayered unconventional target, combined with complicated fault and fracture systems, the seismic data quality near and within the basement section is very low. For this reason, it is important to apply improved seismic data processing workflows, filtering and migration techniques, as wells as attribute processing methods to enhance the imaging quality.
The fractured granite basement is the primary oil and gas reservoir in the Cuu Long Basin, Vietnam. Due to the complexity of this nonlayered unconventional target, combined with complicated fault and fracture systems, the seismic data quality near and within the basement section is very low. For this reason, it is important to apply improved seismic data processing workflows, filtering and migration techniques, as wells as attribute processing methods to enhance the imaging quality.
Our studies show that applying different types of filters, including the f-k, Radon transform and Tau-P, improves signal to noise ratio, removing multiples, revealing basement's top and its related fractured and fault zones. In addition, the application of multi-arrival-solution migration algorithms, such as Kirchhoff Migration and Controlled Beam Migration, provides improved imaging for identifying basement top and faults and fractures within the basement. Furthermore, the application of seismic attributes such as curvature, apparent dip, or energy gradient, is
INTRODUCTION
The Cuu Long Basin is one of major Cenozoic marginal sedimentary basins of the continental shelf of Vietnam. This basin comprises fragmented Mesozoic basement complexes and overlying Cenozoic strata of differing age, origin and spatial distribution. The basement complexes, which compose mostly felsic intrusive and subordinate sedimentary rocks, are commonly strongly fractured, dismembered and partly hydrothermally altered as a consequence of numerous tectonic events. The basement rocks were exposed to weathering before subsidence and covered by Cenozoic sedimentary units during the crustal rifting and basin formation processes. These processes created local significant structural variability such as horst and grabens, a network of fractures with sufficient pore space and permeability within the basement complexes. All of these features have contributed to the formation of a unique type of hydrocarbon reservoirs within the basement granitic rocks of the Cuu Long Basin, which became primary targets for oil and gas exploration in Vietnam.
In the Cuu Long Basin, petroleum exploration activities depend largely on the results of seismic data acquisition and analysis, especially for the basement complexes. However, due to the non-layered nature and the structural complexity of the fractured basement, the seismic data contain a lot of noise and multiples. Although seismic processing improves data quality for Cenozoic sediments, the seismic data quality for fractured zones in the basement is still very limited.
The resolution of seismic data in fractured basement is often very low and therefore it is difficult to identify sufficient structural information and correlation interpreted data with well logs. Therefore, it is important to improve the seismic data quality, remove noise and multiples, enhance faults and fracture related signals for assisting the geological interpretation and identifying exploration targets as well as optimizing well locations. This can be done by using different types of filters, including f-k, Tau-P, Radon transform to reprocess the seismic data. In addition, applying multiple-arrival migration approach such as Controlled Beam Migration (CBM) also assists revealing complicated, steeply dipping faults. Furthermore, application of geometric attributes, such as apparent dips and energy gradients, using shaded-relief maps from orthogonal attribute scan help highlighting fault sys-tems. All these processes help improving the interpretation of fault and fracture networks in the basement complexes and providing better results for the identification of potential reservoirs and exploration targets. This paper describes the results of those processing sequences of a seismic dataset from Cuu Long Basin to reveal the sub-unconformity, structural complex basement architectures.
GENERAL GEOLOGY OF CUU LONG BASIN
The Cuu Long Basin is located on the southeast continental shelf of Vietnam (Fig. 1) . This basin is a typical intracratonic rift basin formed on the PreCenozoic basement, filled with Miocene and Oligocene terrigenous sedimentary sequences (Tapponier et al. 1986 , Le Pichon et al. 1992 , Gwang et al. 2001 , Dong 2012 . The sedimentary sequences are variable greatly in spatial distribution and thickness. In some portion of the basin, the sediment's thickness is up to about 7000-8000 m. The Pre-Cenozoic basement rocks comprise dominantly the Jurassic to Paleocene intrusive complexes and subordinate extrusive rocks and sedimentary units. The structure of the PreCenozoic basement in the Cuu Long basin is very complex, which was caused by multiple deformational events, hydrothermal alteration, uplift, and weathering processes (Dong et al. 1999 , Tan 1990 ). The multiple deformational events created numerous tectonic and/or solution-enhanced fracture systems with different directions and sizes in the basement. The deformation processes include shearing, extension and compression, which produced a network of cross-cutting faults and fractures within the basement rocks as well as commonly created horst and graben structures. The fracture and/or fault systems in the basement are variable in both trend and dip but are commonly steeply dipping (55-70°) (Cuong and Warren 2009, Duc 2014) . Highly fractured zones with good reservoir properties are usually found in the basement highs that are controlled by regional-scale faults. In addition, the influence of surface processes on the basement rocks prior to the subsidence to form sedimentary basin, particularly weathering, also created thick zones of high pore space within the upper part of the basement complexes, and, as such, were improving basement reservoir quality (Areshev et al. 1992 , Tan 1995 , San et al. 1997 . The hydrothermal processes, however, play negative role in reservoir quality by the infiltration of secondary materials into the pore space and lead to the reduction of porosity and permeability of the basemen rocks (Tan and Bo 1997) .
Thus, the combined effects of tectonic deformation and subsequent subsurface processes in the basement magmatic rocks produced a mixture of fractures, vugs, and empty spaces that are favorable for hydrocarbon to migrate from the Oligocene-Miocene source rocks and accumulate into the highs near the top of the basement. Figure 2 shows faults and fractures of granite basement on (a) outcrops and (b) seismic section.
METHODS FOR IMPROVING FAULTS AND FRACTURES SIGNATURE WITHIN BASEMENT
The unique characteristics of basement reservoir require a careful evaluation and unique processing and interpretation methods. Identification of distribu-tion of the fracture zones is important for extrapolation of favorable target for exploration (Tan and Thap 2001) . However, in the absence of stratified, coherent reflectors, illumination of basement faults is more problematic than illumination of faults within the sedimentary cross-sections. With the complex interference pattern, non-layered and steeply dipping nature of faults and fractures, it is important to enhance seismic data processing, reducing noise and multiple reflections (Tan and Ha 2013) . Seismic filters such as f-k, Tau-P, Radon transform were used to remove multiple reflections, revealing the weaker seismic signals. Seismic migration methods such as Kirchhoff Migration and Controlled Beam Migration (CBM) were used to image steeply dipping fault and fracture plane events. And selective seismic attributes methods were applied to further delineate and map out fractures.
Multiple attenuation by using filters
Analysis of seismic profiles from Cuu Long Basin has shown that seismic signals reflected from the fractured granitic basement is of very low quality, containing a lot of noise and multiples. Multiples are related with strong reflection surfaces of the Miocene, Oligocene sediments, and top-basement. Multiple suppression methods can be used based on either prediction criteria or normal move-out differential to improve the weak primary reflections. Using filters such as f-k, Tau-P, and Radon transform enhances the signal-tonoise ratio and improves seismic signals significantly. F-k filtering: Multiple reflections are filtered from seismograms by transforming them into an f-k array representing amplitude as a function of frequency (f) and wave number (k). Noise and seismic signals may overlap in time domain, but are distinguishable in f-k plots, because of the difference in frequency, and wave number between noise and signal. The inverse of the f-k transform of the multiple reflections is generated. The f-k array of the seismograms is filtered by weighting all samples with the inverse of the f-k transform of the multiple reflections (Duncan and Beresford 1994) .
Tau-P filtering: is an invertible transformation of seismic shot records expressed as a function of time and offset into the intercept time (t) and ray parameter (p) domain. The main advantage of this transformation is to present a point source shot record as a series of plane wave experiments. The data in this "dip" domain then can be transformed back into the time domain. An un-stacked seismic record or a common-midpoint gather can be described in terms of slope dt/dx = p and intercept time Ĳ, the arrival time t obtained by prospecting the slope back to x = 0 (Sheriff 1999) . Hyperbolic reflections are then transformed into ellipses, straight events such as head waves and direct wave into points. Filtering can be done on the Tau-P map and the filtered result transformed back into record. Multiples often have a greater move-out than primaries arriving at the same time. Multiples are periodic in the Tau-P domain, so that it can be suppressed by applying predictive deconvolution in this domain (Benoliel et al. 1987, van der Baan and Kendall 2002) . After normal move-out correction, errors are approximately parabolic and tend to map to points in the parabolic Radon domain. Radon transform: Radon transforms map data before and after move-out correction into points, and multiples can be recognized in the Radon domain. The identified multiple signals can then be subtracted from the data to improve the interpretation process. Radon transforms can effectively model such events, which can then be subtracted from the original data. The Radon transform attempts to more equally suppress multiples for all traces, including near-and far-offset traces (Chapman 1981, Foster and Mosher 1992) .
Thus, using filters such as f-k, Tau-P, and Radon transform for multiple attenuation is not only successful in improvement of seismic signals for sedimentary units but also works well in fractured, non-layered and structural complex basement in the Cuu Long Basin.
Improving image by using Seismic Migration
Migration of seismic data corrects reflection from dipping surface to their true positions, collapses diffractions, increases spatial resolution and resolves areas of complex geology. A major difference in migration algorithms arises from the way the velocity field is utilized (Gardner 1985, Wang and Pann 1996) . Kirchhoff Migration is one of seismic migration methods that are extensively used in both layered environment and non-layered fractured basement by summing the energy along diffraction curves (Sun et al. 2000 , Yilmaz 2001 ). The advantage of this type of migration is that it can enhance signals of steeply dipping objects and moderate lateral velocity variations. In a single-arrival migration algorithm, only one arrival is imaged, depending on certain predefined criteria. This is the weakness of Kirchhoff Migration method that requires ray-tracing to handle strong lateral velocity variations.
In order to reduce the disadvantage, Controlled Beam Migration (CBM) can handle multi-arrival ray paths, and preserve steeply dipping reflections, resulting in a cleaner image (Raz 1987 , Hill 2001 , Gray et al. 2009 . A good review of CBM with applications to this study can be found in Sun et al. (2007) , Bone et al. (2008) , and Elkady et al. (2008) .
Improving image by using Geometrical Attributes
For further identification of fault signature, the attribute illumination approach has been applied to well-established vector attributes including structural dip and azimuth and amplitude energy gradients to provide greater interpreter interaction (Chopra and Marfurt 2007, Ha et al. 2014) . Based on Barnes (2003) , we could mathematically generate simple axis rotations and project the two orthogonal dip or energy gradient components along the surface against the direction of illumination. A planar surface, such as dipping horizon or faults, can be presented by its true dip azimuth T and strike \. The true dip T can be presented by apparent dips T x and T y along the x and y axes. For time-migrated seismic data, it is more convenient to measure apparent seismic time dip (p x , p y ) components along inline and cross-line directions. For depth-migrated seismic data, such as our Cuu Long survey, we compute T x and T y and display them either as components or as dip magnitude, T, and dip azimuth, \, or alternatively as dimensionless (p x , p y ) measured. The relationship between apparent seismic time/depth dips and apparent angle dips are: 2* tan and 2* tan ,
where v is an average time to depth conversion velocity. We can compute apparent dip at any angle \ from the north through a simple trigonometric rotation (Marfurt 2006) :
where I is the angle of the inline seismic axis from the north.
Amplitude gradient vector attribute that has inline and cross-line components (g x , g y ) is also described. We can therefore compute an amplitude gradient at any angle, \, from the north:
Using these equations, we are able to animate, through a suite of apparent dip, amplitude gradient images at increments of 30° to see which perspective best illuminates structural features of interest.
RESULTS
4.1 Improvement of seismic signal from fractured basement by using filters In order to apply seismic filtering and migration methods for improving seismic signal from fractured basement, we create seismic models representing fractured basement in Cuu Long Basin, with the velocity varying vertically and laterally (Fig. 3) .
The models show that there are sedimentary boundaries with strong reflection coefficient that could create strong multiples. The multiples from these boundaries can be imbedded into the lower sections, especially the basement section. With the results from the models, we can improve our processing workflow, predict the parameters for the filters for better removing the multiples, and enhance the true signals from the basement. The granite matrix velocity is estimated to be about 5.4-6.0 km/s; however, some imaging studies show that the velocity for the granite section in the model of about 4.6 km/s is more applicable for the migration and stacking response. The velocity contrast between the basement and sedimentary layers varies in different regions. Some parts of the basement covered by lower Oligocene with lower acoustic impedance contrast gives weak seismic response. Characteristics of fractured zone are different from fresh basement; the ratio between P-and S-wave velocity in fractured zone increases from 1.7-1.9 to 2.0, and acoustic impedance (AI) decreases by 10% (Tan 1990) . The f-k filtering was applied for full, middle and far offset. Figure 4 shows that by applying f-k filter on middle and far offset, the upper part of basement is significantly improved and the signature of fractured zones within the basement is revealed better. When applying Radon transform, the velocity spectrum and resolution is enhanced (Fig. 5) , so that the velocity analysis can be done more accurately. With improved velocity analysis using Radon transform, multiples are suppressed, and signals are enhanced. This is especially important for the basement because of its originally weak S/N ratio. The signal from fractured system is greatly enhanced, as shown in seismic gather (Fig. 6 ) and seismic section (Fig. 7) . Figure 8 shows the results of applying combination of Radon transform and Tau-P filters. After effectively eliminating multiples by the Radon transform and Tau-P filtering, reflective signals from the fractured zone within the basement are better visible (Fig. 8b) . The faults and fractures can be better interpreted on the filtered data. These results are then verified and conform with sonic, gamma ray characteristics on well data (Fig. 9) . 
Improving image in fractured basement by Kirchhoff and Control
Beam Migration In order to qualitatively define the nature of fractures within the basement in Cuu Long Basin, besides using seismic filters, both Kirchhoff Migration and CBM approaches were used for improving image of fractures within the basement. Kirchhoff Migration provides better imaging for both sediments and the top of basement (Fig. 10) . Even though the results of Kirchhoff Migration improves the image of fractured basement, it is still necessary to Fig. 10 . The quality of seismic section related with top and inside basement is improved by Kirchhoff Migration. (a) Seismic section before using Kirchhoff Migration is of very low quality and contains a lot of noise, (b) Seismic section after using Kirchhoff Migration could provide good imaging for the identification of the cover and within the basement. apply CBM to solve the imaging problem of the basement, which is naturally complex. Figure 11 shows a comparison of the results applying Kirchhoff Migration and CBM. The faults lineaments are much easier identified in the CBM section, with less noise interfered. A comparison of Kirchhoff Migration and CBM on depth slices z = 3100 m is shown in Fig. 12 . While the lateral resolution is slightly lower, the CBM can indicate fractures much better, which helps improving interpretation.
Seismic Attribu te illumination of basement faults
Geometrical Attributes such as structural dip and azimuth and amplitude energy gradients are used to improve locating faults and fractures inside the basement. The results obtained are shown in Figs. 14-17. Figure 14 shows Arrows (1) indicate lineaments which were interpreted as main NE-SW faults running along basement top. Arrows (2) indicate the faults that cut across the basement, in N-S and NW-SE direction, and Arrows (3) indicate subtle faults running NE-SW and cutting into the basement. apparent dip, the NE-SW major faults running along the basement top, the N-S and NW-SE faults cutting across the basement, and the NE-SW subtle faults cutting into the basement have appeared clearer. The reflector dip enhances different lineament features as the direction of illumination is rotated, as we can see by comparing Figs. 15a and 15b. Since the dip attribute measures the dip of a reflector surface, the dip attribute computed on or near the top of basement reveals lineaments well. However, if we look deeper inside the basement, the dip estimates become noisier, making it harder to interpret the results.
In contrast, amplitude gradients are computed along local dip and better delineate high energy cross-cutting fractures. Apparent amplitude energy gradient results were generated at the illumination direction \ = 0°, 30°, 60°, 90°, 120°, and 150° from the north. Figure 16 shows depth slice at 3100 m cutting through the top of the granite basement. In this depth slices through apparent amplitude gradients, the faults like the ones shown in Fig. 14 are distinguished . From the results of study of structural dip and azimuth and amplitude energy gradients, the imaging of faults and fractured on the top basement expressed in 3D cube (Fig. 17) .
CONCLUSIONS
Highly fractured zones in pre-Cenozoic, structurally complex granitic basement highs in the Cuu Long Basin form potential petroleum reservoirs. The seismic data quality of these sections is poor with the interference of strong noise and multiple reflections.
The application of combining filtering techniques, including f-k, Tau-P, and Radon transform, enhances signal-to-noise ratio significantly and allows to image the fractured basement signal better.
Kirchhoff Migration and Controlled Beam Migration, on the other hand, effectively image the top basement and intra-basement events in which the image quality of CBM is clearly superior to that of Kirchhoff Migration. Geometric attributes such as dip and amplitude energy gradients, are multicomponent in nature and are thus amenable to visualization from different user-controlled perspectives.
Thus, the application of a suite of filters, migrations, and attribute analysis enhances the clarity of internal structures within the basement complexes within the Cuu Long Basin such as faults and fractures that might otherwise be miss-interpreted.
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